Ess1 is an essential peptidylprolyl-cis/trans-isomerase in the yeast Saccharomyces cerevisiae. Ess1 and its human homolog, Pin1, bind to phospho-Ser-Pro sites within proteins, including the carboxyl-terminal domain (CTD) of Rpb1, the largest subunit of RNA polymerase II (pol II). Ess1 and Pin1 are thought to control mRNA synthesis by catalyzing conformational changes in Rpb1 that affect interaction of cofactors with the pol II transcription complex. Here we have characterized wild-type and mutant Ess1 proteins in vitro and in vivo. We found that Ess1 preferentially binds and isomerizes CTD heptad-repeat (YSPTSPS) peptides that are phosphorylated on Ser5. Binding by the mutant proteins in vitro was essentially normal, and the proteins were largely stable in vivo. However, their catalytic activities were reduced >1,000-fold. These data along with results of in vivo titration experiments indicate that Ess1 isomerase activity is required for growth, but only at vanishingly low levels. We found that although wildtype cells contain about ϳ200,000 molecules of Ess1, a level of fewer than 400 molecules per cell is sufficient for growth. In contrast, higher levels of Ess1 were required for growth in the presence of certain metabolic inhibitors, suggesting that Ess1 is important for tolerance to environmental challenge.
1 EC 5.2.1.8.) catalyze rotation about the peptide bond preceding proline (1) . They are found in all organisms and are important for the folding of newly synthesized proteins, in which peptide bonds are thought to be synthesized exclusively in the trans conformation (2) . PPIases also induce conformational changes in mature proteins, altering their structure and intermolecular interactions, thus affecting their activity (2) . There are three well characterized families of PPIase, the cyclophilins, the FK506-binding proteins (FKBPs), and the parvulins (3, 4) . Cyclophilins and FKBPs are the targets of immunosuppressive drugs that block T-cell activation in mammalian cells and prevent recovery from ␣-factor pheromone in yeast (5) . Parvulin-class PPIases are structurally distinct from the cyclophilins and FKBPs and do not bind immunosuppressive drugs (6) . Parvulin, an Escherichia coli protein, is the prototype for this family, the members of which are involved in the folding and trafficking of periplasmic and outer-membrane proteins (7) .
In the yeast Saccharomyces cerevisiae, there are eight cyclophilins and four FKBPs, none of which are essential for growth (8) . The one parvulin, Ess1, is essential, and cells that lack Ess1 arrest in mitosis and undergo nuclear fragmentation (9, 10) . Ess1 homologs from Drosophila (Dodo) and mammals (Pin1) are functionally interchangeable in yeast but are not essential in their respective organisms (11, 12) . Ess1 is essential in certain other fungi, e.g. Candida albicans and Aspergillus nidulans (13, 14) , but not in others, e.g. Schizosaccharomyces pombe and Cryptococcus neoformans (15) . 2 Why this PPIase is essential in some organisms and not others is unclear, but may be due to natural suppressor backgrounds in which high level expression of other PPIases, such as the cyclophilins or parvulin-like genes, can compensate for lack of Ess1 function (16, 21) . Alternatively, it is possible that for some organisms, Ess1 is required under certain conditions that have not been mimicked by laboratory experiments.
Eukaryotic parvulins typically contain an amino-terminal WW domain and a carboxyl-terminal PPIase domain joined by a short linker of variable length and sequence (17) . The WW domain is a protein-interaction module found in many signaling proteins (18) . The WW domain of Ess1/Pin1-related proteins and the PPIase catalytic domain both bind to phosphoSer-Pro motifs within substrate peptides, with the WW domain showing an affinity about 10-fold higher in vitro (19) . Many proteins contain Ser-Pro motifs that are phosphorylated in vivo, and Pin1 in human cells is purported to regulate the activity of numerous proteins involved in the cell cycle, cancer, Alzheimer's, disease and immune function (20) .
In yeast, genetic and biochemical screens identified the transcription machinery as the major in vivo target of Ess1 (16, 24) . In particular, Ess1 binds Rpb1, the largest subunit of RNA pol II, which contains 26 carboxyl-terminal repeats of the heptad sequence YSPTSPS. Each repeat contains two potential Ess1 binding sites (underlined). The heptad repeat within the CTD of Rpb1 is known to be reversibly phosphorylated in vivo, and these changes in phosphorylation are correlated with distinct steps in pol II transcription (initiation, elongation, and termination) and mRNA processing (capping, 3Ј cleavage, and polyadenylation (22, 23) ). Our genetic analyses, and those of Hani and colleagues, have shown that Ess1 is involved in multiple stages of transcription and mRNA processing (16, 25, 26, 47 We have proposed a model in which Ess1 binds and isomerizes the CTD of Rpb1, thereby affecting cofactor binding to the pol II complex (16) . Studies in human cells also show an involvement of Pin1 in the control of pol II function (27, 28) .
PPIases are an enigmatic group of enzymes, because their catalytic activity is not always required for their in vivo function. Some PPIases work stoichiometrically rather than catalytically, for example, in the processing of rhodopsin in the Drosophila eye and the assembly of infectious virions of HIV (29, 30) . In contrast, other data support the idea that the catalytic activity is required for Pin1 and Ess1 function (16, 31, 32) .
Here, we examined the in vitro activities of wild-type and mutant Ess1 proteins and compared their abilities to support growth in vivo. The binding and catalytic activity was measured using several substrate peptides, including the phosphorylated-CTD repeat. The results support the idea that the catalytic activity of Ess1 is needed for in vivo function. To determine how much Ess1 is required in vivo, we used an exquisitely sensitive hormone-dependent induction method that allowed us to titrate Ess1 concentrations over a 2-to 3-log unit range. We found that extremely low levels of Ess1 activity are sufficient to support growth under normal laboratory conditions, but that higher levels are required under more challenging growth conditions. The results suggest that the excess Ess1 may be present to allow cells to respond rapidly to environmental insults, for example, to facilitate RNA pol II-dependent induction of stress-related genes.
EXPERIMENTAL PROCEDURES
General-All reagents, unless otherwise specified, were from Sigma and were of ACS reagent grade or better. Aqueous solutions were prepared using 18.2 megohm resistivity water from a Barnstead Nanopure Diamond water purification system. NMR tubes were from Wilmad glass, stock number 528-PP. Yeast growth curve optical-density measurements were performed on an Amersham Biosciences Ultraspec 3000 spectrophotometer. All other spectrophotometric analyses were performed using a Beckman DU-800 spectrophotometer with Peltier temperature control.
Protein Quantitation-Concentrations of protein and tyrosine-containing peptides were measured by absorbance at 280 nM in 6 M guanidine HCl. Quantitative amino acid analysis on several samples showed no more than 6% error as compared with A 280 values, confirming the accuracy of the method.
For estimates of in vivo protein concentrations, we used Western analysis. SDS-PAGE gels were prepared and run by the method of Laemmli. Western blotting onto polyvinylidene difluoride membranes (Immobilon-P, Millipore) was performed overnight in a Bio-Rad transblot apparatus using carbonate/bicarbonate/SDS buffer as suggested by the manufacturer for the transfer of proteins with large pI values. Blots were incubated with purified rabbit anti-Ess1 antibody and donkey anti-rabbit IgG-horseradish peroxidase conjugate (Amersham Biosciences) and were developed using ECL-Plus and visualized on a Typhoon 9400 variable-mode imager in fluorescence mode using 488 nm excitation and 520 nm emission wavelengths. When greater sensitivity was required, the blots were exposed to Kodak BioMax XAR film, and the signal was digitized by optical scanning and quantified using the Tnimage software. 3 To calculate intracellular protein concentrations (molecules/cell) we used the values detected by Western analysis ϫ Avogadro's number/cell number loaded per lane.
Rabbit anti-Ess1 antisera were prepared as described previously (16). 25 ml of antiserum was adsorbed against 1 g of yeast acetone powder (protocol from T. Stevens, University of Oregon) made from an ess1⌬ srb10⌬ yeast strain (26) , and then affinity purified on a 2-g Ess1-agarose column. Ess1-agarose was prepared from recombinant Ess1 and cyanogen bromide-activated agarose (Sigma), according to the manufacturer's instruction.
Peptides-Suc-AEPF-p-nitroanilide was purchased from Bachem.
The remaining peptides (listed in Table I ) were synthesized by the Wadsworth Center Peptide Synthesis Core facility. Phosphopeptides were synthesized using an Fmoc (N-(9-fluorenyl)methoxycarbonyl) precursor for phospho-serine (Nova Biochem, A22912). FITC-AEPAA was prepared by conjugation of the peptide AEPAA (Table 1) with fluorescein isothiocyanate (Isomer I; Sigma) as per the manufacturer's instruction, followed by purification of conjugated peptide by high-performance liquid chromatography on a C8 column, with a gradient of acetonitrile in 0.1% aqueous trifluoroacetic acid. Recombinant Protein Purification-Ess1 proteins were expressed from pET-28a vectors in a Rosetta TM E. coli expression strain (Novagen). 750 ml of cells were grown at 37°C to an A 600 of 0.1, then shaken at 26°C for 30 min, followed by the addition of 1 mM isopropyl thiogalactopyranoside and a further 2 h of incubation (at 26°C). Cells were harvested by centrifugation, washed with water, pelleted, and frozen at Ϫ80°C until use. The frozen cells were resuspended in 20 ml of 0.5 M NaCl, 50 g/ml lysozyme, 5 mM Tris, pH 8.0, on ice. After standing on ice for 30 min, the mixture was sonicated, and cell debris was removed by centrifugation at 10,000 ϫ g and passage through a 44-m filter. His-tagged proteins were bound to nickel-nitriloacetic acid-agarose (Novagen) and washed as per manufacturer's instruction. Bound proteins were eluted using 0.1 M EDTA, and dialyzed against 1 mM CaCl 2 , 1 mM ␤-mercaptoethanol, 0.5 M NaCl, 5 mM Tris, pH 8.0. The His tag was removed using biotinylated thrombin, which was later removed on avidin agarose. The cleaved proteins were passed again through nickelnitriloacetic acid-agarose to remove the cleaved tag and any impurities that bound the resin. Coomassie staining of SDS-PAGE gels showed the proteins to be Ͼ95% homogeneous. Proteins were stored sterile-filtered on ice, without loss of activity, or were snap-frozen and lyophilized as described below.
Fluorescence Anisotropy-Fluorescence anisotropy measurements were performed in a PerkinElmer Life Sciences LS50B luminescence spectrophotometer, using an excitation wavelength of 488 nm and an emission wavelength of 330 nm. Measurements were performed in 20 mM Tris, pH 8.0, with a constant 0.58-M FITC-AEPAA (F-buffer). Additions of Ess1 proteins or CTD peptides did not alter the measured fluorescence intensity of this peptide. The dissociation constant of FITC-AEPAA with Ess1 proteins (K f ) was determined by measuring the fluorescence anisotropy of 0 -10 M Ess1 proteins in F-buffer (34) . Non-fluorescent CTD peptides at final concentrations of 0 -1000 M were then titrated in, to compete the FITC-AEPAA from the Ess1. An excess of the Ess1 proteins were used, to minimize the contribution of artifacts arising from the use of two fluorescent peptides bound to a single Ess1 molecule. The dissociation constant (K d ), in micromolar, was calculated as
where [E 0 ] is the total concentration of Ess1 protein in micromolar, [Ctd] is the concentration of non-fluorescent CTD-peptide in micromolar, R ϭ (r Ϫ r f )/(r b Ϫ 2r f Ϫ r), r is the anisotropy of the sample, r f is the anisotropy of FITC-AEPAA alone, and r b is the anisotropy of completely complexed FITC-AEPAA, measured in saturating amounts of Ess1.
Prolyl-isomerase Assay-A modification of a standard chromogenic assay was used (35) . Briefly, 0.05-50 nmol of enzyme in 500 l of 10-mM Tris, pH 8.0, containing 0.2 mM substrate peptide (Suc-AEPF-p-nitroanilide; Bachem) was pre-warmed at 10°C or 20°C. 500 l of prewarmed 2 mg/ml chymotrypsin in 10 mM Tris, pH 8.0, was added, and the mixture was rapidly mixed by inversion. Reactions were immediately monitored at 1.1-s intervals in a Beckman DU-800 spectrophotometer, under temperature control, until the absorbance at 390 nm plateaued. By approximating the rate of prolyl isomerization to be similar for both the free and chromogenically labeled substrate peptide, we calculated the theoretical amount of p-nitroaniline release (i.e. the amount that would be released if unlabeled substrate were somehow regenerated in situ), using pNA ϭ dA(A t /A r ), where dA is the amount of p-nitroaniline released per unit time and A t /A r is the ratio of total substrate peptide to remaining labeled peptide. Plotting pNA versus time over the first 90% of the course of the reaction yields a straight line whose y-intercept is the original amount of trans-substrate, and whose slope is the reaction velocity in nanomoles/s. Dividing the slope (as determined by least-squares analysis, after subtraction of the rate of the uncatalyzed reaction) by the amount of enzyme yields the turnover number (k cat , s Ϫ1 ). NMR-based Chemical-exchange Measurements-NOESY experiments were used to measure the chemical exchange of the proline ␥-carbon protons (37) . The NOESY experiments were performed on 2 mM CTD-peptide samples in 99% D 2 O, 25 mM sodium phosphate (pD 8.0), using a 500-MHz Bruker Avance instrument at 303 K using a 400-ms mixing time with a spectral width of 4496.4 Hz, and 256 scans. Initial studies demonstrated that the difference in decay rate between the cis-and trans-forms of any of the proline ␥-carbon protons was indistinguishable during this 400-ms mixing time. Ess1 protein samples were prepared for NMR by dialysis against 1 mM ␤-mercaptoethanol, 25 mM sodium phosphate, pH 8.0, and then snap-frozen, lyophilized, and stored dessicated at Ϫ80°C. Samples were reconstituted using 99% D 2 O immediately prior to the experiment. These enzyme samples were found to retain Ͼ80% of their initial activity after 16 h of experiments at 30°C. Obtained spectra were analyzed using the NmrPipe and NmrDraw software packages (38) . The peak volumes for the exchange cross-peaks were normalized against those of several diagonal peaks, to quantitate the relative percent exchanged (P). Because the time period measured was only 400 ms, no spontaneous exchange peaks could be detected at this temperature by this method, and the cross-peak area was always zero. The turnover number k cat , in s Ϫ1 , was calculated as Yeast Strains, Plasmid Constructs, Growth Curves, and Spot TestsYeast strain W303-1A (MATa ura3-1 leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15) (source, Rod Rothstein, Columbia University) was used throughout. All mutant strains were W303-1A derivatives. The H164R strain contained an integrated copy of the mutation at the endogenous ESS1 locus (16) . The C120R, S122P, S77A, and S77E mutations were carried on an episomal CEN plasmid (pRS413) and were shuffled into an ess1⌬:TRP1 derivative of the W303-1A strain. Therefore, in all experiments the control strain for H164R is wild-type W303-1A (WT), whereas the control for the other mutants is an ess1⌬ pEss1 derivative of W303-1A. Fusions of ESS1 or the H164R mutant allele to the GAL1 promoter were done in plasmid pRS315-GAL1p (CEN, LEU2). The Gal4-ER-VP16* plasmid was obtained from Randy Morse (Wadsworth Center). For growth curve determinations, cells were grown in complete synthetic medium lacking appropriate amino acids for selection of plasmid-borne markers. ␤-Estradiol was prepared in 100% ethanol and was added to liquid medium just prior to growth. Cultures were grown in triplicate and the mean doubling times (i-D.T.) were calculated during the initial stages of log-phase growth, before cells reached saturation or mutant cells underwent arrest. The following formula was used:
where N i is the number of cells per milliliter at the initial time point T i , and N f is the number of cells at time point T f . For spot tests, cells were pre-grown in liquid medium to an A 600 of ϳ0.5 prior to spotting onto solid medium.
RESULTS

Quantitation of Ess1 Protein Levels in Wild-type and Mutant
Strains-In previous work, several point mutations were identified in Ess1 that conferred a temperature-sensitive (ts) growth phenotype (16) . Three of these mutations, C120R, S122P, and H164R, mapped to the PPIase active site. Two of the residues (Cys-120 and His-164) have been proposed, based on the structure of the human homolog, Pin1, to be involved in the catalytic mechanism of isomerization (39) . To determine whether the catalytic activity of Ess1 is required for growth, and how much Ess1 activity is required, we first characterized the mutant proteins in vivo. At permissive temperature (30°C) cells expressing the mutant proteins grow normally, whereas at non-permissive temperature (37°C), S122P and H164R cells undergo growth arrest, whereas C120R shows modest slow growth (Fig. 1, A and B) .
To determine whether the defect at 37°C was due to degradation of the mutant proteins, we carried out Western analysis on cell extracts using anti-Ess1 antisera (Fig. 1D) . Results show that both C120R and S122P protein levels remain essentially unchanged after the shift to 37°C, but that H164R levels are reduced (Fig. 1C) . Thus, degradation of the mutant proteins is not likely to be the most significant cause for the ts-phenotype. Instead, reversible denaturation of the mutant proteins could occur at higher temperatures, or there might be an increased cellular demand for Ess1 activity at higher temperatures that is unmet by the defective enzymes. To help to answer these questions, we characterized the mutant proteins in vitro.
Binding Activities of Wild-type and Mutant Ess1 ProteinsWild-type and mutant proteins were expressed and purified from E. coli, and binding activity was determined using fluorescence anisotropy. Three substrate peptides were used for these assays. All are based on the CTD heptad repeat sequence (YSPTSPS) in the Rpb1 subunit of RNA pol II, but they differ in their phosphorylation at Ser-2 or Ser-5 within the repeat (Table I) . Results indicate that all three mutant proteins (C120R, S122P, and H164R) bind reversibly to CTD-peptides phosphorylated on Ser-2 or Ser-5, but not to the unphosphorylated CTD-peptide (Table II) . The mutant proteins have affinities close to that of the wild-type, and similar in their preference (i.e. pSer5 Ͼ pSer2) to that exhibited by human Pin1 (19) . The results indicate that the Ess1 ts-mutant proteins are not defective due to lack of substrate binding, and that they are likely to be properly folded and are not generally denatured.
We also measured binding of two additional mutants, S77A and S77E. Residue Ser-77 lies at the entrance to the active site and is proposed to interact with the phosphate group of the modified Ser in substrate peptides (39) . However, neither substitution affected binding significantly, and neither mutation affected cell growth rates (data not shown). In summary, all five Ess1 mutants bound phospho-Ser peptides with affinities 
close to that of wild type. This is perhaps not surprising, given that most of the overall binding activity of Ess1/Pin1 proteins is due to the WW domain.
PPIase Activity of Ess1 Mutant Proteins-The enzymatic activities of the wild-type and mutant Ess1 proteins were determined using a standard chromogenic isomerase assay (Fig. 2) . Wild-type, S77A, and S77E all showed significant levels of activity. However, the three ts-mutants S122P, C120R, and H164R were defective in this assay, showing no detectable activity at 10°C, and barely detectable activity at 20°C (Table  III) . At 20°C the assay proceeds extremely rapidly, and low levels of activity were difficult to distinguish from background (i.e. relative to the blank). Assays done at 10°C proceed more slowly, and therefore quantitative measurements for low activities were more reliable. From these data, we conclude that the ts-mutant proteins have activities that are Ͻ0.01% that of the wild-type enzyme.
Although the chromogenic PPIase assay is frequently used, it has several limitations. First, the synthetic peptide conjugate used in this assay is not a physiological substrate, and to date, no data exist to show how its isomerization compares to that of bona fide substrate such as the CTD heptad repeat. Second, although the mutant Ess1 proteins appear to be stable in vitro (data not shown), the effects of chymotrypsin excess, which is used in the assay, are not known. Finally, the chromogenic assay only measures the isomerization of the initial cis-portion of the peptide pool, ignoring most of the substrate, which is initially in the trans-configuration. To avoid these limitations, we used an independent (NMR) assay, described below.
Ess1 Isomerization Activity Measured by Chemical Exchange-The proline ␥-carbon protons of the three CTD-peptides (Table I) were examined in two-dimensional NOESY experiments to determine the amount of chemical exchange that occurs during a 400-ms evolution time. This exchange serves to identify isomerization of the peptide bond preceding proline. As expected, no chemical exchange could be detected in the uncatalyzed reaction (no protein; Fig. 3, upper panels) , because the rate of exchange for these bonds at 30°C is ϳ1 min
Ϫ1
, i.e. much shorter than the time scale of the experiment. In the presence of wildtype Ess1, the exchange rates increased markedly, and were most easily detected for the CTD-pSer5 peptide (Fig. 3, lower  panels) . Exchanges were less prominent for the CTD-pSer2 peptide and were not detectable with the unphosphorylated peptide, results that parallel those of the binding assays (Table II) . These data clearly indicate that Ess1 binds and isomerizes CTD peptides, and that the order of substrate preference is pSer5 Ͼ pSer2 Ͼ Ͼ unphosphorylated CTD. Interestingly, an in vivo preference of Ess1 for Ser-5 over Ser-2 was first suggested by the results of genetic synthetic-lethality and suppression experiments using CTD and ess1 double mutants (26) .
We also analyzed isomerization of the CTD-pSer5 peptide by Ess1 mutant proteins. In agreement with the findings of the chromogenic PPIase assay, S77A and S77E both showed significant levels of activity, whereas C120R, S122P, and H164R did not (Table III) . These results combined with those described in previous sections pose a significant dilemma: although the three mutant enzymes (C120R, S122P, and H164R) bind substrate reasonably well (presumably via their WW domains), all have catalytic activities that are 2-4 orders of magnitude fewer than that of the wild-type enzyme; yet they are still able to grow at the permissive temperature (30°C).
Determining the Amount of Ess1 Activity Required for Growth in Vivo-To determine exactly how much Ess1 activity is needed to support growth in yeast, we employed a regulatedexpression system that uses a Gal4-ER-VP16 transcriptional activator (40) . In our experiments, addition of the hormone ␤-estradiol enables Gal4-ER-VP16 to activate transcription of a pGAL1-ESS1 fusion gene (Fig. 4A) . Protein expression is dosedependent over a broad range of hormone concentrations (41) . A low basal level of GAL1-driven transcription occurs in the absence of hormone, so we made use of a modified activator, Gal4-ER-VP16*, which bears a mutation (F442P) that reduces the potency of the VP16 activation domain (42), thus extending the utility of the system to very low ranges and reducing basal expression in the absence of hormone (43) . Using this method we have shown that protein concentrations in yeast can be controlled in a linear fashion over nearly a 1000-fold range (41) .
Cultures containing various concentrations of ␤-estradiol were inoculated at low density, and growth was monitored up to 25 h (Fig. 4C) . Control cells that do not carry the inducible plasmid system were not affected by the concentrations of hormone used (data not shown). Aliquots were taken during mid-log phase growth, and cell extracts were prepared for Western analysis to measure in vivo protein concentrations; quantitation was done by comparison to known amounts of purified Ess1 (Fig. 4B, and data not shown) . The results show that the concentration of wild-type Ess1 can be lowered to levels below the threshold of detection by Western analysis, and yet growth rates remained essentially normal (e.g. 0 hormone/no VP16 activator sample, Fig. 4, B and C) . Here, cells produced an extremely low level of Ess1 (due to leakiness of the GAL1 promoter), but this amount was sufficient for normal cell growth (Fig. 4C) . These results indicate that fewer than 400 molecules of wild-type protein per cell are sufficient to support normal yeast cell growth under normal laboratory conditions (Fig. 4E) . Given that wild-type cells normally contain about 200,000 molecules per cell (Fig. 1) , Ess1 protein appears to be present in vast excess.
We extended this analysis to determine how much PPIase activity is required for cell growth. This was possible using the hormone-regulated system, combined with the use of a mutant, Ess1(H164R), whose in vitro activity was measured to be Ͻ0.01% that of wild-type Ess1 (Table III) . In vivo titration experiments indicated that for normal, robust growth (Ͻ2-h doubling time), high hormone levels (10 nM) were needed, a level that produced about 10,000 times the amount of H164R present in wild-type levels (Fig. 4, D and E) . This was not surprising, given that H164R is at least 10,000-fold less active than the wild type.
However, when less H164R was present, cells continued to divide (Fig. 4D) , albeit more slowly (3-to 6-h doubling time). At these hormone levels (0 or 2.5 nM), cells produced only ϳ15,000 -200,000 molecules of H164R protein per cell (Fig.  4E) . Using this information, we can estimate a lower limit of the amount of Ess1 activity required for minimal (slow) growth. Given that H164R has Ͻ0.01% the activity of the of wild-type enzyme, cells would require the equivalent of only 1.5-20 Ess1 molecules per cell for minimal growth (15,000 ϫ 0.01% ϭ 1.5; 200,000 ϫ 0.01% ϭ 20). This would translate into ϳ20 -300 turnovers per second (1 Ess1 ϳ 15 turnovers s Ϫ1 ; Table III) . 
Cells with Low Ess1 Activity Are Sensitive to Inhibitors of Cell-wall Biosynthesis-
The large disparity that we found between the amount of Ess1 present in normal cells (high) and the amount required for normal cell growth (low) prompted us to ask whether there were conditions under which higher levels of Ess1 are required. A modest set of media conditions and inhibitors was used to challenge the growth of wild-type and mutant cells. Included were various metabolic inhibitors and conditions of osmotic, nutritional, and mutational stress (44) . Of the 23 conditions tested, we found several in which high levels of Ess1 were required for growth. For example, addition of 46 g/ml hygromycin B did not inhibit normal cell growth, but strongly inhibited growth of H164R mutants, and cells producing very low levels of the wild-type Ess1 protein (pGAL-Ess1 with no activator present) (Fig. 5, upper panel) . Sensitivity to hygromycin B is often taken to indicate defects in cell-wall maintenance or biogenesis (45) , suggesting perhaps that high levels of Ess1 are needed for these functions. Moreover, we found that caffeine, another drug associated with cell-wall defects in yeast (45) , was also a potent inhibitor (Fig. 5) .
If Ess1 is important for proper maintenance of cell-wall integrity, then perhaps media conditions that stabilize the cell wall (i.e. help to maintain osmotic balance) would suppress the defect in H164R mutant cells at restrictive temperature. Indeed, the addition of 1.5 M sorbitol or 500 mM KCl rescued the lethal defect in H164R cells at 37°C (Fig. 5, lower panels) . Although these experiments do not demonstrate a direct role for Ess1 in cell wall maintenance or biogenesis, they do identify conditions under which high levels of Ess1 activity are required for growth. Several other conditions under which high levels of Ess1 were required were also identified (e.g. 50 mM hydroxyurea, 1 mM 5-fluorouracil, and 5 mM sodium orthovanadate; data not shown). Thus, we propose that Ess1 is maintained at high levels as a mechanism for coping with environmental stress.
DISCUSSION
In this report, we showed that under nutrient-rich, nonstress conditions, the Ess1 prolyl-isomerase is present at a level of ϳ200,000 molecules per cell (Fig. 1) . Surprisingly, we found that fewer than 400 molecules per cell can support optimal growth in standard media (Fig. 4) . Even fewer may actually suffice, but we reached the lower limit of protein expression in our system due to leakiness of the GAL1-promoter. Thus, Ess1 is normally present in vast excess, and the quantity sufficient for its essential function is nearly three orders of magnitude less. This is the first study in which the amount of Ess1/Pin1 required for viability in any cell type has been determined. Although our estimates of protein levels required for growth are subject to error, our finding that Ess1 is present in vast excess is not in doubt. It is known from pedigree analysis (46) , tetrad analysis of heterozygous deletion strains (9) , and promoter shut-off experiments (10) that cells in which Ess1 synthesis has been eliminated will survive for several generations (up to seven doublings have been observed). Our findings help explain these observations, because it would take many cell divisions to deplete Ess1 stores below the threshold required for Ess1 activity, especially if the protein was stable.
The PPIase activity of Ess1 is thought to be essential for growth, because mutations that completely remove the ESS1 gene or substantially alter the active site are lethal (9, 10, 32) . Although mutations in the WW domain that prevent substrate binding are also lethal, overexpression of the PPIase domain alone (but not the WW domain) rescues cell growth (32), 4 indicating that PPIase activity is probably necessary. The present data confirm this idea. Moreover, by comparing the enzymatic activities of wild-type and mutant proteins with their ability to support growth at various concentrations in vivo, we were able to estimate the enzymatic activity required for minimal growth to be about 20 -300 turnovers per second, and the activity required for robust growth to be about 6000 turnovers per second (400 molecules ϫ 15 turnovers s
Ϫ1
). Robust growth for the H164R mutant (Fig. 4) required much more protein (3,900,000 molecules/cell ϫ 0.0015 turnovers s
) to yield comparable activity (5850 turnovers s
). Note that these estimates are made based on in vitro activity against small substrate peptides, rather than against full-length proteins. Thus, the values given here may underestimate the amount of activity required.
The ts-mutant proteins C120R, S122P, and H164R analyzed in this study had isomerase activities below the level of detection in two different assays. However, because the mutant yeast strains bearing these mutations are viable at permissive 4 S. D. Hanes, unpublished data. PPIase activity of Ess1 ts-mutants: a protease-coupled assay detects no activity. The substrate (Suc-AEPF-p-NA) was subjected to proteolysis by chymotrypsin, which specifically releases the p-nitroaniline (pNA) from the peptide only when the E-P bond is in the trans conformation. The release of pNA was monitored during the assay at 10°C by its absorbance at 390 nm, and the data were linearized as described under "Experimental Procedures." For clarity, only every 15th data point is shown; each line represents the least-squares plot whose slope was used to calculate the rate (as micromoles of pNA/s). Similar results were obtained when the reactions were carried out at 20°C (Table III) . temperature, the proteins are likely to have residual catalytic activity. Modeling of two of these proteins, C120R and H164R, suggested that the overall structure of the Ess1 active site would not be adversely affected by the mutation (16) , but that activity should be greatly reduced, given that these residues are likely to participate in the chemistry of the reaction (39) . Ser-122 is in the active site, but it does not appear to participate in catalysis (39) . In addition, the three ts-mutant proteins did not show a measurable temperature sensitivity in PPIase activity in vitro (10°C versus 20°C; Table III), so we suspect that the requirement for Ess1 activity in cells, rather than the enzyme itself, is the temperature-sensitive element.
One limitation of the GAL1-inducible system is that it was not functional at 37°C, the restrictive temperature of our Ess1 ts-mutants. Therefore, we were unable to analyze pGAL1-H164R at restrictive temperature. The lowest level of H164R production that we could generate with this system was 15,000 molecules per cell, resulting in cells that were slow growing at 30°C (Fig. 4) , but the cells did not show complete mitotic arrest as they do at 37°C when expressing H164R under its own promoter (Fig. 1) . Reduction of H164R protein to 11,000 molecules per cell, which occurs upon the shift to 37°C (Fig. 1C) , might be the cause of the temperature sensitivity in this strain. Or, as suggested above, cells might require more activity at higher temperatures to sustain growth (i.e. Ͼ15,000 H164R molecules at 37°C, but not at 30°C).
The vanishingly low levels of Ess1 found to be sufficient for growth have several important implications. First, because fewer than 400 molecules of Ess1 support strong growth, it is unlikely that Ess1 is important for transcription of all pol Summary of data from samples analyzed by the chromogenic protease-coupled assay using Suc-AEPF-pNA (Fig. 2) , and by the NMR chemical exchange method at 30°C using CTD-peptides (Fig. 3) (Table I) were examined, using a NOESY experiment, to quantitate the rate of chemical exchange occurring in the protons of the proline ␥-carbons at 303 K (30°C). The upper panels show regions surrounding these signals from samples containing only peptide. The lower panels show the corresponding regions from samples after the addition of 7.5 M Ess1. Exchange peaks (CT-1, CT-2, TC-1, and TC-2) are visible between the trans-protons of the proline at position 5 of CTD-pSer-2 at 3.88 and 3.74 ppm and the corresponding cis-forms at 3.62 and 3.58 ppm, respectively. A more prominent exchange is seen between trans-protons in the proline at position 8 of the CTD-pSer-5 peptide at 4.05 and 3.88 ppm, and the corresponding cis-forms at 3.87 and 3.56 ppm, respectively. Additional experiments using mutant proteins are summarized in Table III. II-transcribed genes. Instead, it is likely that only a subset of genes are highly dependent upon Ess1 under normal growth conditions. This is consistent with results of preliminary microarray analysis that showed a change in the expression of only about 5% (ϳ300) of yeast genes, upon depletion of Ess1 activity. 5 The number of Ess1 molecules required is also substantially lower than the estimated number of total RNA pol II complexes in actively growing cells (ϳ16,000 (33)).
A second implication is that cells maintain high levels of Ess1 so as to withstand potential environmental challenge. This is based on the finding that, whereas low levels of Ess1 were sufficient for growth under normal conditions, cells did not grow under conditions of stress (Fig. 5) . Thus, high Ess1 levels may permit cells to respond rapidly to changing conditions, for example, by facilitating transcriptional induction of pol II-dependent stress-response genes.
Finally, our study showed that Ess1 can isomerize peptides carrying the phospho-CTD repeat sequence found in Rpb1, which Ess1 is known to bind and interact with genetically (16, 21) . The ϳ6-fold preference for phospho-Ser-5 over phosphoSer-2 is consistent with genetic results showing that a Ser-5 CTD mutation (Ser-5 to Ala within amino-terminal CTD repeats), but not a Ser-2 mutation, could suppress the H164R mutation, thereby allowing growth at 37°C (26) . The results are also consistent with binding by Pin1 (19) and may help to explain the preferential effects of Pin1 on the phosphorylation state of Ser-5, over that of Ser-2, of the CTD (27, 36) . FIG. 4 . Use of a regulated expression system to determine lower limits of Ess1 required for yeast cell growth. A, schematic of the expression system. Wild-type ESS1 or the H164R coding sequences were placed under the control of the GAL1 promoter (UAS G ) and were expressed from an episomal plasmid in an ess1⌬ strain. A Gal4-ER-VP16* fusion construct was used to induce expression of the Ess1 or H164R proteins by the addition of ␤-estradiol. B, representative Western blot, probed with anti-Ess1 antibody, used to quantitate the levels of Ess1 in cells exposed to 0, 2.5, or 10 nM ␤-estradiol. pGAL-ESS1 and pGAL-H164R cells also contained the Gal4-ER-VP16* activator, except as indicated. Control samples are from an ess1⌬ srb10⌬ strain, which produces no Ess1 protein, or from wild-type (WT) cells. The GAL1-driven Ess1 and H164R proteins contain an amino-terminal HA tag and thus migrate with a lower mobility than does the wildtype protein. Ess1 standards (purified from E. coli) were run on the same gel and are shown below. C and D, growth at 30°C of ␤-estradiol-treated ess1⌬ cells carrying the indicated pGAL-ESS1 or pGAL-H164R plasmid. Cells also carried the Gal4-ER-VP16* activator plasmid except as indicated. E, summary of growth rate (i-D.T.) from panels C and D above, and Ess1 concentration as [protein] , in molecules/cell (as in Fig. 1 ). Protein concentrations were calculated from Western data in panel B, above. Note that trace amounts of Ess1 are still expressed (E) and that cells can still grow (C), even in the absence of the Gal4-ER-VP16* activator protein; this is presumably due to leakiness of the GAL1-promoter under these conditions (2% glucose).
FIG. 5.
High levels of Ess1 activity are required to support growth under stress. Wild-type, H164R, or ess1⌬ cells carrying a pGAL-Ess1 construct (but no Gal4-ER-VP16* activator protein) were grown to mid-log phase in YPD, and serial dilutions (1:5) were spotted onto YPD, or YPD containing the indicated agent. Cells were grown for 2-4 days at the indicated temperature. Upper panels, hygromycin B was used at 46 g/ml, and caffeine at 8 mM; the results indicate severe growth inhibition. Lower panels, addition of sorbitol or high salt (KCl) suppresses the ts-growth defect of H164R cells. and quantitative amino acid analyses, and Charles Hauer and Robert Stack of the WC Mass Spectrometry Core for protein sequencing and mass determinations. DNA sequencing and oligonucleotide synthesis were performed by the WC Molecular Genetics Core. We also thank James Dias and the WC Peptide Synthesis Core for synthetic peptides, and Robert Trimble for comments on the manuscript.
